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Abstract
The present work involves the comparison of various bulk Micromegas detectors having different
design parameters. Six detectors with amplification gaps of 64, 128, 192, 220 µm and mesh hole pitch of
63, 78 µm were tested at room temperature and normal gas pressure. Two setups were built to evaluate
the effect of the variation of the amplification gap and mesh hole pitch on different detector characteristics.
The gain, energy resolution and electron transmission of these Micromegas detectors were measured in
Argon-Isobutane (90:10) gas mixture while the measurements of the ion backflow were carried out in P10
gas. These measured characteristics have been compared in detail to the numerical simulations using the
Garfield framework that combines packages such as neBEM, Magboltz and Heed.
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1 Introduction
In a Time Projection Chamber (TPC) [1], the ionization, caused by a traversing charged particle drifts
towards the endplate where it gets amplified, collected as signal and processed. In order to achieve good
spatial resolution while maintaining the capability of handling high luminosity, Micro-Pattern Gaseous
Detectors (MPGDs) [2] have been proposed to be used instead of Multi Wire Proportional Counter
(MWPC) as TPC endplate [3] for the future linear collider e.g. LC [4]. The Micromegas (MICRO-MEsh
GAseous Structure) is one of the MPGDs that is likely to be used as the TPC endplate [5].
The Micromegas [6] is a parallel plate device composed of a very thin metallic micromesh, which
separates the low field drift region from the high field amplification region. The important parameters that
determine the choice of a particular Micromegas over another are detector gain, gain uniformity, energy
and space point resolutions, comfortable operating regime (in terms of voltage settings, signal strengths),
stability and ageing characteristics (ion backflow), etc. These parameters are known to depend on the
geometry of the detector (amplification gap, mesh hole pitch, wire radius), the electrostatic configuration
within the detector, the gas composition, etc. The bulk Micromegas [7] with an amplification gap of
128 µm has been considered to be one of the good choices for a readout system in different TPCs
due to its performances in terms of gain uniformity, energy and space point resolutions and low ion-
feedback [5, 8–10]. It is also efficient to pave large readout surfaces with minimum dead zone. For some
experiments involving low pressure operation, Micromegas detectors having larger amplification gaps are
more suited [11,12]. Bulk Micromegas detectors of a wide range of amplification gaps have been studied
for possible application in rare event experiments [13, 14].
In this work, we will discuss the experimental and numerical studies illustrating the effects of different
amplification gaps and mesh hole pitches on the performance of bulk Micromegas. A systematic compar-
ison of some of the above mentioned detector characteristics has been carried out to weigh out various
possibilities and options and guide our choice for specific applications. A comparison with the numerical
simulations obtained using Garfield [15, 16], has been performed to verify the mathematical models and
confirm our understanding of the physics of the device.
2 Experimental Setup
Several small size detectors with an active area of 15 cm2 have been fabricated at CEA, Saclay, France
and tested at SINP, Kolkata, India. Each of the bulk Micromegas detectors is equipped with a calendered
woven micromesh similar to that of the T2K experiment [13]. The design parameters of the prototype
detectors are compiled in Table 1.
Table 1: Design parameters of the bulk Micromegas detectors. All detectors have wire diameter of 18 µm.
Amplification Gap (in µm) Mesh Hole Pitch (in µm)
Bulk 180 A 64 63
Bulk 180 C 64 78
Bulk 134 128 63
Bulk 180 D 128 78
Bulk 113 192 63
Bulk 183 D 220 78
The detectors have been characterized by measuring gain, energy resolution, electron transmission
using a 55Fe source (present activity 111.56 MBq). For these studies we had used the setup as shown in
Figure 1(a). A drift mesh was mounted above the detector. During the experiment, the drift distance
was maintained at 1.2 cm. The chamber was flushed with Argon-Isobutane gas mixture (90:10) at room
temperature (296 K) and atmospheric pressure. The detector and the drift mesh were biased using CAEN
N471A high voltage unit. The output pulse from the detector was passed through a charge sensitive pre-
amplifier (ORTEC model 142IH). Subsequently, it was fed to a spectroscopic amplifier (ORTEC model
672) with a shaping time constant of 1 µsec. Finally, the data were recorded in a multi-channel analyzer
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(a)
(b)
Figure 1: Experimental setup for (a) the measurement of gain, energy resolution and electron transmis-
sion; (b) the measurement of ion backflow.
(AMTEK MCA 8000A). The working rate was maintained at ∼ 1200 counts/sec.
A simple setup was built at Saclay for the ion backflow measurement as shown in Figure 1(b). While
measuring the ion backflow using a single drift mesh, besides the contribution of ions from the avalanche,
there was a possibility of having an additional contribution to the drift current from the ions created in
Region 2 in Figure 1(a). So a second drift mesh was placed at a distance of 1 cm above the first one and
kept at the same voltage as that in the first drift mesh. The ions created between the test box window
and the upper drift mesh (Region 3 in Figure 1(b)) were collected on the outer drift mesh (second Drift
Mesh in Figure 1(b)). Thus, the current on the inner drift mesh ((first Drift Mesh in Figure 1(b)) was
chosen as an estimate of the ionic current from the avalanche. The measurements were performed using
an X-ray tube (model XRG 3000, operating high voltage: 10 kV, current: 6mA) to produce the primary
electrons in the drift region (Figure 1(b)). The currents on the drift mesh (first Drift Mesh in Figure
1(b)) and the micromesh were measured from the high voltage power supply.
3 Simulation Tools
The experimental data have been compared with the estimates obtained through numerical simulation.
We have used the Garfield (not Garfield++) simulation framework. This framework was augmented
in 2009 through the addition of the neBEM [17–21] (nearly exact Boundary Element Method, which is
known to be very accurate throughout the computational domain) toolkit to carry out 3D electrostatic
field simulation. Earlier, Garfield had to import the field-maps from one of the several commercial FEM
(Finite Element Method) packages in order to study the 3D gas detectors. Besides neBEM, the Garfield
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framework provides interfaces to HEED [22,23] for the primary ionization calculation andMagboltz [24,25]
for computing the drift, diffusion, Townsend and attachment coefficients. A short description of the
Garfield routines that have been used for numerical simulation is given in the Table 2.
Table 2: Description of the Garfield routines
Name of the routines Description of the routines Where the routines are used
Drift Microscopic Electron The electron tracking at the To calculate the electron
molecular level using Monte transmission (η) in
Carlo technique. A typical section in 4.2, 4.3 and 4.4
drift path proceeds through
millions of collisions. Each
collision is classified as
either elastic, inelastic,
attachment, ionisation etc
according to the relative
cross sections of these
processes.
Drift Electron 3 Using Runge Kutta Fehlberg To calculate the multiplication
method calculates a electron drift factor (gmult) in section 4.3
line and returns the drift time,
multiplication and losses
through attachment.
Drift MC Ion Performs Monte Carlo calculation To calculate the ion drift
of a drift line for a path which is needed
positively charged ion, taking in the ion backflow
diffusion into account on a calculation in section 4.5
step-by-step basis
Avalanche Simulates an electron induced To calculate the electron
avalanche, taking diffusion, avalanche which is needed
multiplication, attachment into for the gain variation in section
account. The drifting of electrons 4.4 and the ion backflow in
is performed using Monte Carlo section 4.5.
technique. In comparison to
Drift Microscopic Electron
the step size has to be set
properly
4 Results
4.1 Electric Field
Figure 2(a) shows the axial electric field for two different detectors having the same amplification gap,
but two different mesh hole pitches. For the same mesh voltage, the amplification field is lower in case
of the larger pitch. For a particular hole opening and for the same mesh voltage, the variation of the
amplification gap changes the axial amplification field as shown in Figure 2(b). The effect of these
geometrical parameters on the transverse field is shown in Figures 2(c) and 2(d).
4.2 Electron Transmission of Micromesh
Experimentally we estimate the electron transmission of the micromesh as the ratio of the signal amplitude
at a given drift field over the signal amplitude at the drift field where the signal amplitude is maximum.
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Figure 2: The axial electric field for (a) different mesh hole pitches having the same amplification gap
of 128 µm; (b) different amplification gaps having the same mesh hole pitch of 78 µm. The transverse
electric field close to the hole entrance (1 µm above the micromesh) for (c) different mesh hole pitches
having the same amplification gap of 128 µm; (d) different amplification gaps having the same mesh hole
pitch. In each of these cases, mesh voltage = −500 V, drift field = 200 V/cm. An expanded view of the
drift field is shown in the inset
The measured values and simulated estimates of the electron transmission are compared in Figure 3.
These measurements are sensitive to the electron transport at the micron-scale, and thus we use the
microscopic electron tracking method, available in Garfield, for the numerical simulation [15, 26]. The
electrons are injected on square areas with sides equal to that of the size of the pitch. The first area is
placed 100 µm above the mesh and subsequent areas are placed from 1 mm to 1.2 cm with a spacing of
1 mm between them. Each square is subdivided into 10 × 10 grid pattern. Each grid on the square is
injected with an electron 100 times. As a result, 100× 100× 13 electrons are made to drift towards the
amplification region.
The trend of both the experimental and simulation results (at the drift field range of 200 - 2000
V/cm) for the Micromegas with 128 µm gap and 63 µm pitch (Figure 3(a)) are similar to the results of
reference [26]. The transmission is maximum between the drift field of 200 V/cm to 750 V/cm. At higher
drift field, the electrons increasingly often hit the mesh and the transmission decreases. At lower drift
field (25 - 100 V/cm), the electron attachment is likely to be responsible for less transmission. In the
simulation, introduction of an impurity of 0.05% Oxygen has been found to reproduce a similar effect.
As an example, for the Micromegas with 128 µm gap and 63 µm pitch, at the drift field of 400 V/cm, this
level of impurity reduces the maximum transmission from 99.7 % to 93.1 % with respect to the initial
number of electrons released in the drift volume. Further detailed work is being carried out in this area.
Figure 3(a) shows the variation of the electron transmission with the drift field for two different mesh
hole pitches. For the larger pitch, the maximum number of electrons reach the amplification gap at a
higher drift field. The drift field at which the maximum transmission is achieved also depends on the
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amplification gap as shown in Figure 3(b). For a particular pitch, the maximum transmission is achieved
at a lower drift field when the amplification gap increases. In each of the cases, the simulation results
agree quite well with the experimental data even at a drift field as low as 25 V/cm.
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Figure 3: Variation of the electron transmission of the micromesh with the drift field in Argon-Isobutane
mixture (90:10) for (a) two different mesh hole pitches [pitch = 63 µm, mesh voltage = −410 V, gain
∼ 3200; pitch = 78 µm, mesh voltage = −450 V, gain ∼ 4000] having the same amplification gap of
128 µm; (b) three different amplification gaps [gap = 64 µm, mesh voltage = −330 V, gain ∼ 3000; gap
= 128 µm, mesh voltage = −410 V, gain ∼ 3200; gap = 192 µm, mesh voltage = −540 V, gain ∼ 3600]
having the same mesh hole pitch of 63 µm. (c) and (d) represent the same variation but with the field
ratio (Edrift/Eamp).
4.3 Gain
The measured and simulated gain curves for different bulk Micromegas detectors in an Argon-Isobutane
gas mixture (90:10) are presented in Figure 4. Figure 4(a) shows the variation of the gain with the mesh
voltage for two different detectors having different pitches. Our study of the electric field indicates, for
the larger pitch, a higher voltage is needed to obtain the same gain. A comparison between different
amplification gaps reveals that the maximum gain achieved experimentally with a larger gap is more than
that with a smaller gap (Figure 4(b)). In each of these cases, the numerical results follow the experimental
trend. For the numerical simulation, the effective gain [27] is obtained as
geff = η × gmult (1)
where η is the probability for a primary electron to reach the amplification region i.e the electron trans-
mission and gmult is the multiplication factor of the electrons throughout their trajectories. Electron
transmission and multiplication factor have been computed as a two step approach as outlined in refer-
ence [27] and reflected in Table 2. The Argon-based gas mixtures are Penning mixtures. After considering
the results using different transfer rates, we chose 40 − 50% transfer rate for Argon-Isobutane mixture
6
(90:10) for our calculation. This transfer rate is slightly higher than that estimated (40%) in reference [28]
and needs further investigation.
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Figure 4: Variation of gain in Argon-Isobutane mixture (90:10) with (a) and (c) mesh voltage for two
different mesh hole pitches having the same amplification gap of 128 µm; (b) and (d) amplification field
for three different amplification gaps, having same the mesh hole pitch of 78 µm. In each of these cases
the drift field is 200 V/cm. In (a) and (b) the simulation has been performed using 40% Penning. In (c)
and (d) the same variation of gain has been shown but using 50% Penning in simulation.
4.4 Energy Resolution
The dependency of the energy resolution on the drift field for two different mesh hole pitches and three
different amplification gaps is shown in Figure 5(a) and Figure 5(b) respectively. At a higher drift
field, the detectors with larger pitch and smaller gap have a better resolution. However, more detailed
investigation is necessary before drawing any firm conclusion.
For a numerical estimation of the energy resolution, we have followed the discussion in reference [29,30].
The intrinsic limit of the energy resolution in a gas detector is set by the statistical fluctuations in the
primary number of electrons and the gain fluctuations. The mean energy, measured after a repeated
deposition of a fixed amount of energy in the detector, depends on the mean number of electron-ion pairs
produced by the ionization n¯, the mean gas gain G¯ and the fraction of the electrons from the ionization
reaching the amplification region i.e the electron transmission η.
E = n¯× G¯× η × f¯conv (2)
where f¯conv is the conversion factor, linking the number of charges to an energy value. A contribution
also comes from inhomogeneities of the parameters such as gas composition, pressure and temperature
fluctuation, spatial inhomogeneities within the detector or the electronic noise. But these contributions
could of course be absorbed into other terms which are not considered in our calculation.
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Applying error propagation analysis technique, the energy resolution R (the standard deviation of the
distribution i.e σE/E) is thus simply the quadratic sum of the relative errors from these contributions.
R =
σE
E
=
√
F
n¯
+
1
n¯
(
σG
G¯
)2
+
(1− η)
ηn¯
(3)
where F is the Fano Factor and σG is the standard deviation of single avalanche. In our simulation, we
have considered the value of F to be 0.20 [32]. The value of W (the mean energy per ion pair) has been
estimated to be 26 eV, using the software Heed. As shown in Figure 5, the numerical results follow the
experimental trend throughout the drift field range.
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Figure 5: Variation of energy resolution with drift field in Argon-Isobutane mixture (90:10) for (a) two
different mesh hole pitches [pitch = 63 µm, mesh voltage = −410 V, gain ∼ 3200; pitch = 78 µm,
mesh voltage = −450 V, gain ∼ 4000] having same amplification gap of 128 µm; (b) three different
amplification gaps [gap = 64 µm, mesh voltage = −330 V, gain ∼ 3000; gap = 128 µm, mesh voltage
= −410 V, gain ∼ 3200; gap = 192 µm, mesh voltage = −540 V, gain ∼ 3600] having same mesh hole
pitch of 63 µm.
4.5 Ion Backflow
The operation of the gas avalanche detectors is often limited by the secondary effects, originating from
the avalanche-induced photons and ions. One of those secondary effects [31] is the ion backflow which is
the drift of the positive ions produced in the avalanche, from the amplification region towards the drift
mesh. In TPCs operated at high particle rates, the space charge of the backflowing ions may modify
the electron drift by locally disturbing the electric field. The mesh of the Micromegas has the intrinsic
property to naturally stop a large fraction of the secondary positive ions created in the avalanche. Due
to the field gradient between the drift and amplification regions and the periodic hole pattern, the field
lines from the drift region are compressed in the vicinity of the micromesh holes and form a funnel having
width of a few microns in the amplification region. As a result, an electron approaching the micromesh is
focused towards the center of a hole and produces an avalanche inside the funnel. Due to the transverse
diffusion, the avalanche also extends outside the funnel. Conversely, the ions, due to their larger mass,
are not affected much by the diffusion and drift along the field lines. Assuming that they are emitted
with the same distribution as the avalanche, most of these are collected by the micromesh and only a
small fraction drifts back towards the drift mesh.
The ion backflow fraction can be defined as:
BF =
Nb
Nt
(4)
where Nt is the average number of ions produced in an electron avalanche and Nb the average number of
the backflowing ions.
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Following the previous assumptions, the dependency of the ion backflow fraction on different detector
parameters can be estimated through numerical simulation. In the two dimensional limit, it can be shown
that,
BF ∝ 1
FR
(
p
σt
)2
(5)
Here FR is the field ratio (amplification field/drift field) and p is the mesh pitch. σt is related to the
transverse diffusion of the electron and given by Dt
√
z wherein Dt is the transverse diffusion coefficient
of electron and z is the path traversed [32].
The backflow fraction has been measured as:
BF =
(IC − IP)
(IM + IC − IP)
(6)
where IC is the current measured on the first drift mesh (Figure 1(b)) and is proportional to the number
of ions collected on the drift mesh; IP is equal to the current measured on the first drift mesh without
amplification and is referred to as the primary current; IM is the current measured in the micromesh and
proportional to the number of ions collected on the mesh. In our case, we ignore the primary ionization
current, which is of the order of pico ampere.
Figure 6(a) shows the variation of the measured ion backflow fraction with the field ratio for the
128 µm bulk Micromegas detector (pitch 63 µm). The use of the double drift mesh has clearly improved
the results. In this case, the experimental data points have been fitted using Eqn. 5 as shown in Figure
6(b).
For the numerical simulation, the electrons are injected in the drift region as described in the section
4.2. These electrons drift towards the amplification area where they get multiplied. We have considered
the primary ions in the drift region and the ions created in the avalanche for the simulation. The backflow
is calculated as
BF =
Nid
(Nid +Nim)
(7)
where Nid is the number of ions collected at the drift plane and Nim is the number of ions collected at the
micromesh. The simulation results agree quite well with the experimental data using double drift mesh
and the fitted curve.
The dependence of the ion backflow fraction on the amplification gap and the mesh hole pitch has
been investigated numerically and is shown in Figure 6(c). The bulk Micromegas detector with larger
gap shows better performance while the backflow fraction is less for the smaller mesh hole pitch. More
work is already being carried out and will be reported soon.
5 Conclusions
In this paper, we present a comparative study between bulk Micromegas detectors having different ampli-
fication gaps and mesh hole pitches. Various detector characteristics such as gain, electron transparency,
energy resolution have been measured. Experimentally, it has been observed that the bulk Micromegas
with larger gap and smaller pitch shows better performance in terms of higher gain and lower backflow
fraction at stable operating regime. Comparisons of these measured data with the simulation results
indicate that the physics of the amplifying micromesh-based structures (Micromegas) is quite well un-
derstood and suitably modeled mathematically. The numerical estimates of the ion backflow fraction
compare favorably with the measurements.
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Figure 6: Variation of the ion backflow with the field ratio (amplification field/ drift field) in P10 gas;
(a) comparison between experiment and simulation for 128 µm amplification gap and 63 µm pitch; (b)
comparison with fitted curve using experimental data point and eqn 4.5; (c) numerical results for three
different amplification gaps with same mesh hole pitch of 63 µm and for two different pitch for a particular
amplification gap of 128 µm. [gap = 64 µm, pitch = 63 µm, mesh voltage = −410 V, gain = ∼ 2500;
gap = 128 µm, pitch = 63 µm, mesh voltage = −500 V, gain = ∼ 2100; gap = 192 µm, pitch = 63 µm,
mesh voltage = −620 V, gain = ∼ 2100; gap = 128 µm, pitch = 78 µm, mesh voltage = −550 V, gain
= ∼ 2000].
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